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Overview 
This report is a compilation of the data gathered, analyses conducted, 
an1 other research conducted during a one-year evaluation of state-of-the-
ar technologies in industrial coal use and pollution control. The overall 
obJ;ective of the evaluation was to identify future research required to 
e 1 ilmi nate impediments to the expanded use of co a 1 in the Southeast and in 
pa] ticular in the State of Georgia. 
In support of the overall objective, the initial task was to conduct a 
co 
1
prehensive literature review to establish the current state of research 
anq identify the most promising avenues for future research. The details 
an~ major findings of this 1 i terature search are presented in Section I. 
coJies of the abstracts generated by the literature search are provided to 
eaah of the three sponsors under separate cover. 
The literature search identified several very promising areas for 
future research. Two of these areas were considered to be of sufficient 
importance to develop concept papers for marketing to potential sponsors. 
These papers are ent it 1 ed "Combustion Improvement Through Ultrasonically 
I 
Enhanced Fuel Atomization" and "Gas Turbine Quiescent Bed Coal Combustor." 
Copies of these concept papers are included in Section II. 
The concept of ultrasonically enhanced fuel atominzation was con-
sidered to have the greatest potential for future research sponsorship. It 
was decided to refine the initial concept paper and submit a proposal to 
the United States Department of Energy's Pittsburgh Energy Technology 
Center's program for "Support of Advanced Coal Research at U.S. Colleges 
and Universities." A copy of the proposal is included in Section III. At 
the time of publication of this report, the proposal is still under con-
sideration by the Department of Energy. 
Several other areas were considered promising for future research. 
Pollution control was one of these areas. However, time and resources did 
noy permit in-depth analysis of these concepts. 
Section I 
Literature Search on Coal-Related Technology 
The literature search is composed of two main parts, a current 
periodicals search and a computerized literature base search. The purpose 
of the literature search was to identify those areas where advancement 
would most quickly lead to increased coal usage. In particular, coal water 
slurries, desulfurization and pollution control, and fluidized bed com-
bustion were the primary points of focus. 
The current periodicals search was directed at identifying those 
articles written since January, 1984, addressing coal-related issues. This 
time period was chosen because most arti~les written before this time are 
adequately indexed in card catalogs and computerized literature bases. At 
the end of this section is the index compiled as a result of this search, 
grouped in alphabetical order according to the publication title and 
chronologically under each title. 
Due in part to the literature search, and also because of previous 
work within the lab, the concept of applying quiescent bed combustion to 
coal was developed. This concept offers the advantage of extending the 
range of fuels acceptable for applications which require flow streams with 
extremely low levels of solids and impurities. With this in mind, the 
first concept paper presented in the next section addresses the application 
of a quiescent bed to a gas turbine system using coal as the fuel source. 
Although this paper addresses specifically the application to turbine 
systems, it would be a natural extension to consider such a system wherever 
low impurity contents are required, such as with chemical or textile 
plq.nts. 
As part of the literature search, a representative attended the Sixth 
In~ernational Symposium on Coal Slurry Combustion and Technology. Held 
Ju~e 25-27, 1984, by the United States Department of Energy (U.S. DOE) and 
th¢ Pittsburgh Energy Technology Center (PETC), this sympos i urn focused on 
cu rent trends and developments in the coal slurry industry. Copies of the 
pr ceedings are available through PETC. 
Based on review of these proceedings and discussion with several of 
the speakers, two major areas were identified as presenting the greatest 
ba~riers to widespread use of coal water slurries (CWS). One major problem 
is that of stabilizing the mixture, so that mixing within storage tanks 
be~omes unnecssary and rheological properties remain fairly constant. 
· The second problem involves the atomization of the slurry just prior 
to combustion. Conventional atomizers, utilizing air or steam blast 
methods, produce droplets several times larger than desired. These large 
droplets cause incomplete combustion and high boiler tube erosion rates and 
limit the usability of CWS for systems needing flow streams with low par-
ticle loading, such as- for turbines. Additional problems with current 
atomization systems include high erosion rates of nozzles and other 
atomization equipment and high power input required to pumo the slurries at 
the high pressures needed in conventional atomizers. Because of these 
problems, the concept of applying acoustic atomization to CWS was 
developed. This is discussed in the concept paper presented in the next 
section and resulted in the proposal submitted to DOE, which follows the 
concept paper. 
The results of the computerized literature search are a collection of 
abstracts in the supplemental volume, given to the funding parties of the 
project. Actually, several searches were performed, and they are separated 
from each other by the blue pages in the volume. Each search is of a par-
ticular data base, with the base searched given at the top of each page 
within a section. Before each section, on the first blue page, is listed a 
collection of key words used in the search. Below this list is given one 
or more groups of three numbers, preceded by the word "print." The first 
of these numbers refers to an item number in the list above. This item 
number specifies the particular word string submitted to the computer for 
searching. The second number specifies the type of response desired, 
whether it be simply title and source, an abstract, or the complete 
article. In all cases, a 5 was used to indicate that an abstract was 
de ~ ired. The third number refers to the number of article citations 
de~ ired, starting with the most recent. For example, in the first search 
co~ducted, the first three-number string is 8/5/1-75. In this case, the 
fiJst 75 articles will be abstracted which contain the following com-
1 
bi~ation of words: coal and catalysts and (desulfurization or desul phuri-
1 
za~ion or su1fur(W=with)remova1 or su1phur(W)remova1). Note that the 
1 o~i ca 1 operators (and, or, and not) are used to specify the type of word 
co~binations for which to search. 
Coal Preparation--An International Journal 
I 
Volume 1, Number 1 (1984) 
I 
A Technique for Evaluating Floatability of Coal Fines, 
Using Methanol Solutions 
D. T. Hornsby and J. Leja 
Coadsorption Phenomena in the Separation of Pyrite from 
Coal by Reverse Flotation 
J. D. Miller, C. L. Lin and S. S. Chang 
Selectivity of Coal -Macerals during Flotation and Oil 
Agglomeration: A Case Study 
G. G. Sarkar, S. Ghose, S. G. C~audhuri, S. Sakha, 
and K. P. Daschowdhury 
The Effect of Oxidized Pyritic Sulphur on Coal Flotation 
B. A. Firth and S. K. Nicol 
A Fundamental Study of Filtration and Dewatering of Fine 
Coal 
R. Venkatadri, S. H. Chiang, G. E. Klinzing, 
J. W. Tierney and W. W. Wen 
The Quantification of an Overdesign Factor for Coal 
Preparation Plants 
A. Swanson and K. Galvin 
Volume 1, Number 2 (1985) 
Surface Properties of Coal Fines in Water: (1) Electro-
kinetics and Surfactant Adsorption 
A. Latiff Ayub, A. M. Al Taweel and Jon C. T. Kwak 
Treatment of Crude Petroleum/Water Emulsions by 
Agglomeration Methods Using Fine Coal 
C. E. Capes, R. D. Coleman and W. L. Thayer 
An Experimental Study of the Application of Oil 
Agglomeration to the Thickener Underflow from Indian 
Coal Washeries 
P. Bandopadhyay 
Selective Agglomeration during Pipelining of Slurries 
J. Janiak, W. Pawlak, K. Szymocha, B. Ignasiak and 











Studies on Floatability of Petrographic Constituents 
of Sub-bituminous Coal 
Bozena Bujnowska 
The Effect of Mechanical Variables on the Flotation of 
Coarse Coal 
C. N. Bensley and S. K. Nicol 
Volume 1, Number 2 
Spiral Concentrators to Fine Coal Treatment 
R. G. Richards, J. L. Hunter and A. B. Holland-Batt 
Simulating Coal Preparation Distribution Curves 
K. J. Reid, Lu Maixi and Zhang ~henggui 
Agglomeration of Flocculated Fines--A Competitive Method 
for Coal Slimes Dewatering 
J. Szczypa, R. Sprycha and W. Janusz 
Tenth International Coal Preparation Congress 







Combustion and Flame--The Journal of the Combustion Institute 
Vol~me 55, Number 1, January 1984 
: Fuel Spray Burning Regime and Initial Conditions 
A. J. Yule and R. Bolado 
Volume 55, Number 2, February 1984 
Oxidation of Chars during Smoldering Combustion of 
Cellulosic Materials 
F. Shafizadeh andY. Seki Guchi 
Coal Pyrolysis II: Species Transport Theory 
Girard A. Simons 
Volume 55, Number 3, March 1984 





R. E. Peck, R. A. Altenkirch and M. C. Midkiff 331 
Volume 56, Number 2, May 1984 
Combustion and Microexplosion of Freely Falling 
Multicomponent Droplets 
C. H. Wang, X. Q. Liu and C. K. Law 
Volume 56, Number 3, June 1984 
The Use of Particle Size Distributions in the Modeling 
of Combustion Systems 
S. Cooper 
Volume 57, Number 3, September 1984 
Ash Loss and the "Seeded-Tracer" Technique for the 
Determination of Mass Balance in Rapid Heating Coal 
Pyrolysis Experiments 
Nahum Gat, Lawrence M. Cohen, Arvel B. Watte, et al. 
Volume 58, Number 1, October 1984 
I Effects of Carbon-Black Properties on Combustion of Carbon-Black Slurry Agglomerates 





Volume 59, Number 1, January 1985 
Recent Development of a Real-Time Particulate Mass Sampling 
System for High Temperature Applications 
Peter C. Ariessohn and James C. F. Wang 81 
Volume 59, Number 2, February 1985 
High Temperature Rate Coefficient Measurements of CO + 0 
Chemiluminescence 
M. Slack and A. Grillo 
The Influence of Be~-Region Stoichiometry on Nitric Oxide 
Formation in Fixed-Bed Coal Combustion 
G. P. Starley, F. W. Bradshaw, £. S. Carrel and 
D. W. Pershing 
Volume 59, Number 3, March 1985 
A Model of Flame Propagation in Rich Mixtures of Coal 
Dust in Air 
Herman Krier 
< 
Combustion of a Carbon Surface in a Stagnation Point 
Flow Field 
G. Adomeit, W. Hocks and K. Henriksen 
Volume 59, Number 5, May 1985 
Linear Stability of Planar Reverse Combustion in Porous 
Media 
J. A. Bratten and W. B. Krantz 
Optically Determined Temperatures, Sizes, and Velocities 
of Individual Carbon Particles under Typical Combustion 
Conditions 
S. Niksa, R. E. Mitchell, K. R. Hencken and 







Combustion Science and Technoloqy 
Volume 36, Numbers 1 and 2 (1984) 
Mass Loss Rate Measurements on Solid Materials under 
Radiative Heating 
C. Vovelle, R. Akrich and J. L. Delfau 
Volume 36, Numbers 3 and 4 (1984) 
Optical and Probe Measurements of Soot in a Burning Fuel 
Droplet Stream 
P. A. Bonczyk and J. J. Sangiovanni 
Volume 43, Numbers 1 and 2 (1985) 
The Fate of Fuel Nitrogen in Coal-Fired Spreader Stokers 
G. P. Starley, F. W. Bradshaw, et al. 
A Study of the Evaporation and Ignition of a Single 
Coal-Water Slurry (CWS) Droplet 






Volume 9, Number 3, March 1984 
Fueling Power Plants with High Sulfur Coal in Compliance 
with Emission Standards 
T. Y. Van 
Volume 10, Number 1, January 1985 
Elemental Composition of Nigerian Coals 
265 
A. B. Borishade, L. 0., Kehinde, et al. 35 
Exergoeconomic Analysis and Evaluation of Energy-Conversion 
Plants. II. Analysis of a Coal Fired Steam Power Plant 
Georgios Tsatsaronis and Micnaei Winhold 81 
Energy Sources 
Volume 7, Number 1 (1984) 
Catalytic Hydroliquefaction of Low-Rank Coals 
K. Guiuz, W. L. Kvanich, et al. 
Volume 7, Number 4 (1984) 
Regulatory Requirements for Land Disposal of Coal Gasification 
Waste and Their Implications for Disposal Site Design 
1 
M. Ghassemi and George Richard 357 
Regulatory requirements are reviewed and suitable 
approaches to meet these requirements are suggested. 
Development of adequate data base for design and 
monitoring is discussed. 
JAPCA--Journal of the Air Pollution Control Association 
January 1984 
Fabric Filter Technology for Utility Coal-Fired Power Plants. 
Part I: Utility Baghouse Design and Operation 
Robert C. Carr and Wallace B. Smith 79 
Discussions of baghouse design, utility boiler operations, 
fly-ash characterization, and filtration mechanisms. 
First of a 6-part series. 
February 1984 
Fabric Filter Technology for Utility Coal-Fired Power Plants. 
Part II: Application of Baghouse Technology in the Electric 
Utility Industry. 
March 1984 
Robert C. Carr and Wallace B. Smith 178 
Describes the evolution of baghouse technology in the 
electric utility industry. 
Fabric Filter Technology for Utility Coal-Fired Power Plants. 
Part III: Performance of Full Scale Utility Baghouses 
Robert C. Carr and Wallace B. Smith 281 
April 1984 
Fabric Filter Technology for Utility Coal-Fired Power Plants. 
Part IV: Pilot Scale and Laboratory Studies of Fabric 
Filter Technology for Utility Applications 
Robert C. Car~ and Wallace B. Smith 399 
November 1984 
Determination of Coal Dust in Airborne Particulate Materials 
by Automated Optical Microscopy 
N. R. McQuakers and D. K. Sandberg 1134 
The Art and Science of Electrostatic Precipitation 
Harry J. White 1163 
December 1984 
Targeted Strategies for Control of Acidic Deposition 
L. Douglas Carter, Donald A. Hanson, and David G. Streets 1187 
Vol~me 35, Number 3, March 1985 
Report on the APCA International Seminar Series: Acid 
Rain Options 
Ralph M. Perhac 
The seminars were structured to present scientific, 
economic, social and environmental perspectives on 
acid rain issues. This selection of discussions is 
representative of the industry, labor, government and 
public interest views presented. · 
Volume 35, Number 4, April 1985 
197 
Coal Cleaning as a Sulfur Reduction Strategy in the Midwest 
R. D. Doctor, L. D. Livergood, et al. 331 
Results from an analysis of S02 reductions achievable 
through physical coal cleaning are presented. Possible 
governmental actions to encourage coal cleaning are 
evaluated. 
MecJ anical Engineering 
Augt;~st 1983 
Back to Coal Power 
Joel Fagenbaum 
A general overview of coal utilization, including 
gasification and coal and flue gas cleaning. 
Coal Slurry: The Case For and Against 
Staff Report 
July 1984 
Reviews legislative problems with pipeline 
construction. 
Commercial Utility Flue Gas Desulfurization Systems 
J. David Mobley and James L. Dickerman 
This article discusses a wide variety of current 
F.G.D. processes, including performance and 
economic evaluations. 
February 1985 






Mod~rn Power Systems 
I January 1984 
Great Lakes AFBC Demonstration Plant: Equipment Shakedown 
and Initial Testing 
J. R. Comparato 
March 1984 
Development of an Axial Swirl Burner 
Duncan L. Mclachlan and B. W. Fuller 
Burners for Coal/Water Slurry Firing 
J. W. A 11 en 
Retro-Fit Slagging Coal Combustor Commercial by 1986 
J. C. Stansel et al. 
April 1984 
A Microprocessor Controlled Flame Monitor--Pulverized Coal 
Derek Riley 
Product Guide--Coal Pulverising Mills 
May 1984 
Coal Water Slurry Combustion in Industrial Gas Turbines 
H. G. Lew et a 1 • 
Gas Turbine Systems in Developing Countries 
J. Nordhof 
July 1984 









Michael C. Cook and Benjamin F. Gilbet 19 
Coal-Water Mixture Combustion Demonstrated at New Brunswick 
H. Whaley, D. M. Rankin, P. Landry and I. D. Covill 37 
Coal-Water Mixtures Are Being Tested in a Swedish District 
Heating Plant 
D. A. Smith, R. C. Laflesh and H. Sintorn 45 
Product Guide--Coal/Liquid Fuel Mixtures 51 
Se~>tember 1984 
Demonstration Project in U.S.A.--Coal Water Slurries 
E. W. Knell et al. 
Oct:ober 1984 
Zimmer•s Nuclear-to-Coal Conversion 
MPS Review--Staff Report 
Coal Gasification Projects Reviewed 
L. Strickland and D. W. Gilmore 
De~ember 1984/January 1985 
Has Fluidised Combustion Kept Its Promise? 
Arthur Conway 
Circulating Fluidised Bed Combustion for Energy Production 
W. Wein and Dr. Ing Ludolf Plass 
Demonstration AFBC Power Station for TVA 
Dr. A. M. Manaker and Patricia B. West 
Product Guide: Fluidised Bed Devices 
February 1985 
•coal• Gasification in a Bath of Molten Iron 
H. Strothteicher 
Apl"il 1985 
MPS Review--Coal Combustion in Gas Turbines 
P. A. Berman, D. A. Herazak, P. W. Pillsbury 
Full-Scale Coal Slurry Burners Tested on 88 MW Rig 
J. W. Allen 
Commercial Coal Slurry Burner Can Switch Fuels on Line 
Staff Report 
1985 
NWK Experience at Wilhelm Shaven (Flue Gas Desulferisation) 
E. H. Wallenwein 
Spray Dry de SOx System from Lodge Cotterell, England 
Dr. M. Ashley 
Economics of Nuclear/Coal-Burning Conversion 


















Ja~ uary 1984 
Calcium Chloride--A New Solution for Frozen Coal 
David G. Boley 
Fe~ruary 1984 
Smart Coal-Pile Management Can Cut Heating Value Losses 
John Ripp 
This article r~views the benefits of inhibiting water 
percolation through a coal pile. · 
Fluidised Bed Retrofit a Practical Alternative to FGD 
T. E. Stringfellow, F. S. Nolte and W. L. Sage 
May 1984 
How Can We Protect Coal Bins from Rapping-Equipment 
Damage? 
Solutions presented by three readers. 
September 1984 




Alloy Liners Protect FGD Systems--and the Bottom Line 
D. C. Agarwal 
External Combustor Gives More Life to Coal-Fired Gas 
Turbine 
Jason Makans i 
This article examines performance of hot air cycle 
and examines areas of needed work. 
February 1985 











Weigh Options before Converting from Nuclear to Coal Firing 
Neil A. Phillips 87 
May 1985 
Acid Rain Conference Report 
Lee Catalano, Thomas C. Elliott, Jason Makansi 
Subtitles are: 
-Control Technologies Mature as Policy Debate Lulls 
Utilities Demonstrate Coal Cleaning, Gasification 
Utilities Advance Fluidized Beds, Hold Back on 
Sorbent Injection 





Slurry Valves for Power Plants 
Richard G. Chapman 
February 1984 
Combined Cycle Coal Gasification: Options for Power Plants 
26 
T. A. Vivenzio and J. V. Rossi 57 
May 1984 
Nomogram Calculates Power Plant Coal .Use 
James McAlister 39 
Increasing Flue Gas Desulfurization System Reliability 
L. N. Davidson, R. J. Mongillo, S. Ou and C. P. Weding 50 
June 1984 
Coal Supplies, Acquisition and Transportation 
R. C. Rittenhouse 34 
Minimizing Wastewater with Bottom Ash Recirculation Systems 
Douglas M. Rode and Nancy C. Mohn 50 
August 1984 
Study for Decommissioning Coal-Fired Power Plants 
Roger D. Wilson 
Control of Solid Fuel Slagging 
J. R. MacDonald 
Reviews problems with fireside slagging, corrosion 
caused by burning low-cost fuel, environmental 
restrictions and increasing the rating of existing 
units, and methods of control. 
Se~tember 1984 
Integrated Air Pollution Control for Coal-Fired Boilers 
G. E. Baker, J. 0. Milliken, et al. 
October 1984 




Robert D. Emerson 50 
No ember 1984 
Coal Gasification Combined Cycle Power Plants: A Flexible 
Option for the 1990's 
Michael J. Gluckman, William P. Volk, et al. 
Aptl il 1985 




V ac l av Smi l 
Making Coal Burnable: Preparation and Use 
R. C. Rittenhouse 





Probress in Energy and Combustion Science 
Volume 9, Numbers 1 and 2 (1983) 
Evaporation and Combustion of Sprays 
Gives models, some results. 
Drop Size and Velocity Instrumentation 
Information on velocity and drop size measurements 
(equipment set-ups, processes, etc.) 
Critical Requirements in Combustion Research 
Points to solid fuels (applied research) as major 
need in upcoming years. 
Volume 9, Number 3 (1983) 
Toxicology of Soot 
Volume 9, Number 4 (1983) 
Fuel Droplet Vaporization and Spray Combustion Theory 
W. A. Sirignano 
Finding Order in Coal Pyrolysis Kinetics 
P. R. Soloman and D. G. Hamblen 
Vo1ume 10, Number 1 (1984) 
Chemical Kinetic Modeling of Hydrocarbon Combustion 
C. K. Westbrook and F. L. Dryer 
Volume 10, Number 2 (1984): Coal Combustion and Applications 
This is a special issue prepared by the DOE Coal 
Combustion and Applications Working Group. Articles 
in this issue include: 
Developing Coal-Combustion Techniques 
Many authors 
Industry Perspective on Fireside Deposition 




Concepts of Coal Structure in Relation to Combustion 
Behavior 
P. H. Given 
The Relation of Mineral Composition to Slagging, Fouling, 
and Erosion during and after Combustion 
W. T. Reid 
Acoustic Instrumentation 
A. C. Raptis 
Modeling of Coal Combustion Processes 
L. D. Smoot 
Coal Preparation and Comminution 
L . . G. Austin and P. T. Luckie 
ume 10, Number 4 (1984) 
Pulverized-Coal Combustion Resesarch at Brigham Young 
University 










QUIESCENT BED COAL COMBUSTOR 
by 
Technology Applications Laboratory 
Engineering Experiment Station 
Georgia Institute of Technology 
Atlanta, Georgia 30332 
September, 1984 
QUIESCENT BED COAL COMBUSTOR 
Introduction 
The economic position of both industries and power utilities is 
b~ing weakened by the escalating costs of conventional petroleum based 
foels. The solution to this situation is the conversion to more abun-
dant and economical fuels such as coal .. However, conversion to coal 
is proceeding at a disappointing rate due to high capital costs, 
questionable environmental impacts, and the current depressed state of 
the economy. 
One technique to encourage the widespread conversion to coal 
Would be the development of a direct fired gas turbine system. Direct 
fired turbine applications of coal have been li mited in the past due 
~o the severe particulate erosion encountered and the high cost and 
~oor reliability of particulate removal equipment. This paper 
9resents an advanced combustion system concept that promises to 
I 
~vercome many of the barriers to direct coal utilization in gas 
turbines. 
oncept 
The objective of this research will be the development of a 
uiescent bed, lumped coal combustor which demonstrates decreased gas 
stream particulate entrainment levels and thus reduced blade erosion. 
E~rlier researchers have discovered that blade erosion is a function 
o~ many factors including particulate loading, particulate size 
I 
i 
d!istribution, blade material, aerodynamic design of the blades and gas 
st ream velocity.(l) Australian work on an open cycle gas turbine 
fired with brown coal revealed that the critical particle diameter for 
~rosion was 5 microns and that erosion increases with the cube of 
I 
diameter above this point.<2) Therefore, the dust loading tolerable 
~Y a turbine is invefsely related to particle size. For particle 
Sizes on the order of 2 microns, 0. 03-grains/SCF is allowable, but if 
Particle size increases to 20 microns the allowable particulate 
loading decreases to 0.002 grains/SCF.(3) A pulverized coal 
suspension burner which entrains all of the fuel ash will have a 
Pre-cleaned ash loading of over 3 grains/SCF. To be acceptable for a 
turbine gas path, the loading would have to be decreased by a factor 
Qf 100 (assuming a minimum particle size of 2 microns). Atmospheric 
~ressure quiescent bed combustors, on the other hand, t1ave demonstrat-
~d particulate loadings as low as 0.06 grains/SCF at heat release 
rates of 500,000 Btu/hr ft2. 
The quiescent bed concept differs from previous combustor designs 
in that the fundamental combustion process is designed to produce hot 
gases without significant particle entrainment. Earlier methods, such 
as suspension burners, allowed significant entrainment during 
(l)Assess of Gas Turbine Erosion, Vol. 1, NYSERDA 
(2)Aust. Coal Rese 
(3)Assess of GT Erosion, Vol. 2. 
combustion then attempted particulate removal subsequently. The 
quiescent bed combustor will consist of two coupled chambers (Figure 
1). In the primary chamber where gas velocities will be low (on the 
order of 1 foot/second) to limit bed disruption and ash entrainment, 
lumped coal fuel will be introduced, and devolatilization and 
combustion of the fixed carbon will occur. Adequate volume above the 
primary chamber will be provided for particle disengagement. Abo ve 
the disengagement area will be a transition zone where the hot 
pyrolysis gases will be accelerated ·before entering the secondary 
combustion chamber. In the secondary chamber, the low Btu pyrolysis 
gas will be mixed with additional combustion air and burned to 
completion. An underfeed stoker is employed for fuel induction to 
maintain quiescent conditions in the primary zone. Although the 
concept of two stage combustion has received limited application to 
coal, considerable effort has been devoted to wood firing. 
The wood fueled quiescent bed systems have achieved some success 
although there have been few industrial installations. The operating 
units have demonstrated combustion efficiencies of 90%. Emission 
levels for the various designs vary from 0.03 grain/sdcf to 0.20 
grains/sdcf. 
Past Research 
The concept of a quiescent bed coal combustor is the third step 
in the evolution of an acceptable coal-fired gas turbine. This 
concept combines the favorable aspects of earlier design efforts. 
Past research has concentrated on two alternatives: direct 
combustion and gasification. Two methods of direct combustion have 
predominated: pulvertzed suspension burning and pressurized fluidized 
bed combustion. When pulverized coal 1s burned suspended in an air 
stream, almost all of the ash is entrained, requiring extensive gas 
clean-up to prevent erosion . Removal of a 80-90% of the entrained 
p a r t i c u l a t e h a s p r o v e n f e a s i b l e , h o vie v e r , c l e a n i n g ad e q u a t e t o 
guarantee acceptable component life has not been obtained.(4) 
Recent efforts to utilize coal directly as a gas turbine fuel 
have focused on applying pressurized fluidized bed technology. 
' 
~ luidized bed combustion presents several advantages including 
i fficient combustion, the prospect of significant sulfur clean-up, and 
~ olerance of various sizes of fuel. Unlike the quiescent bed 
~ombustor, fluidized beds have extremely turbulent combustion zones 
I 
which lead to significant levels of particulate entrainment. One 
(4)J. Smith, D. C. Strumbeck, N. H. Coates & J. P. McGee, "Bureau 
f Mins Progress in Developing Open and Closed Coal-Burning Gas 
urbine Plants," ASME Paper No. 66-GT/CLC-7, March, 1966. 
I 
r~port noted that recent experience indicates it is doubtful that 
fluidized bed particulate concentration can be reduced at a reasonable 
cost for turbine inlet temperatures above 1,050°F. 
Another combustion method that has received recent attention is 
conversion technology such as gasification. Gasifiers offer 
advantages because not all the a5h is entrained due to the low 
superficial velocities ·and combustion of the low Btu gas product is 
relatively simple. Even though particulate is reduced over that 
encountered with suspension burning, gas clean-up is required. The 
clean-up equipment is expensive and thermal efficiency is decreased 
because the gases must be cooled before cleaning. 
Quiescent bed combustion offers the prospect Jf directly using 
coal as a gas turbine fuel by overcoming disadvantages encountered 
with suspension burners, fluidized beds, and gasifiers. A quiescent 
bed combustor research program would be directed toward establishing 
their feasibility by optimized operating conditions. Research will 
~ddress the tradeoffs between lower superficial velocity through the 
bed and reduced particulate entrainment versus increased velocity and 
~educed grate area. Heat release rates for underfed grate burning 
furnaces are in the 300,000- 500,000 Btu/ft2 range. At this level of 
output, a 10 MW (10,000 kW) gas turbine generator would require a 
pombustor with a grate area of over 250 ft2. This reflects data for 
~tmospheric pressure operation. At higher pressures such as would be 
ound in gas turbine combustors, the output per unit area will 
increase due to the increased oxygen concentration. The greater mass 
c : lculations of the minimum fluidization velocity of ash indicate that 
a superficial velocity of 0.02 ft/sec is the point of incipient 
f uidization for 10 micron particles. While this value is substantial-
ly below that expected in the quiescent bed, it cannot be assumed that 
entrainment of large ash particles will occur. The minimum 
fluidization velocity, corresponding to the point of incipient 
fluidization where the bed pressure drop equals the weight of the bed, 
is below the entrainment velocity. Another factor favoring the 
quiescent bed is that the ash particles themselves will be larger due 
to the lump nature of the fuel than ash from pulverizer coal burners. 
Table 1 shows the measured particle size distribution found in coal 
boilers and illustrates well the smaller particle sizes produced with 
suspension burning. Arrangements that minimize air flow at the point 
of ash removal will be stressed to help further restrict ash 
entrainment. 
If this velocity proves unacceptable from an ash entrainment 
standpoint design, modifications that can serve to mitigate this 
situation can be addressed. Potential modifications include injection 
of secondary air in a swirling motion to act as a cyclone and force 
the ash to the combustor wall where it can drop out and 
experimentation with acoustical enhancement of combustion so t hat 
velocities in the primary zone may be reduced while adequate heat 
release rates can still be maincained. 
flow of air through the gas turbine combustor would be achieved by an 
increase in air density and not velocity so particulate entrainment 
would still be low. While the quiescent bed combustor will without 
question be larger than previous solid fuel gas turbine combustors, 
the prospect that it may be able to operate without the degree of 
downstream clean-up devices required by the other systems will offset 
this disadvantage. Earlier Australian research on coal fired gas 
turbines recognized the advantage that could be gained by utilizing 
m,odern lump coal combustion methods which reduce the carryover of ash 
to the turbine and proposed this concept as an alternative to 
Pulverized coal combustion. 
Research Plan 
Based on past experience, a conceptual quiescent bed coal 
' 
Qombustor will be designed. The conceptual design will address 
I 
dhamber configuration, fuel and air feed rates, temperature and air 
I 
~ istributions, and air velocities. Test will be made on a prototype 
J ni t to discover heat release rate, particulate loading, particle size 
istribution, grate temperature, and combustion and carbon burnout 
fficiency. This data will be evaluated to determine concept viabiity 
-or turbine applications. 
It is envisioned that an updraft combustor will be studied 
"nitially. Because particulate size must be below 10 microns to 
revent significant erosion, velocities in the combustor vessel on the 
rder of 0.5 to 1.0 ft/sec will be evafuated initially. Preliminary 
TABLE 1 
Typical Particle Size Distribution of Ash From 
Coal Combustion(5) 
Particle Diameter Percent by Weight of Particles 
(microns) in a given size range 
Pulverized·Coal Lump Coal 
0 - 10 25 
10 - 20 24 
20 - 30 16 11 
30 - 40 14 
40 - 75 13 12 
75 - 150 6 30 
over 150 2 47 
100 100 
(5)p. Dimitry, et al, "Emission for Industrial Coal r ired 
3oilers," Combustion, January 1980, p. 20. 
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COMBUSTION IMPROVEMENT THROUGH 
ULTRASONICALLY ENHANCED FUEL ATOMIZATION 
Coal water mixtures (CWM) show great promise as a low-cost 
substitute for No. 6 fuel oil. However, laboratory-scale combustion 
tests have exposed a limitation of conventional atomization techniques. 
~ecent evidence from several independent research programs indicate 
that, during the devolatilization stage that precedes combustion, 
'ndividual coal particles within the CWM droplet aggregate to form 
particles that are approximately the same size as the original 
atomized droplet. For coals with a high swelling index, the aggregate 
particles may become even larger than the original slurry droplet. 
The resulting large particle size decreases combustion efficiency by 
l imiting carbon burnout. Although carbon on the surface of the 
aggregate particle is easily combusted, oxygen cannot diffuse at an 
adequate rate through the surface to burn interior carbon. Large 
droplet size also ultimately produces large flyash particles. 
Generation of large ash particles causes erosion of boiler tubes and 
other surfaces within the combustor and may prohibit the application 
of CWM as a fuel in gas turbines. 
The obvious solution to this dilemma is to reduce the size of the 
' tomized fuel droplets. Droplet diameter is dependent on the method 
f atomization as well as physical properties such as viscosity and 
urface tension. Several airblast atomizers have been specifically 
esigned for CWM, but each produces a relatively wide distribution of 
~roplet sizes. Droplet sizes as large as 1,000 to 1,500 microns have 
~e en me as ured. Several researchers are undertaking work on secondary 
' tomization techniques to enhance the results of conventiona l CWM 
tomizers. In contrast, we propose to investigate the use of 
ltrasonic vibration as the primary means of atomization for coal 
ater mixtures and other slurries. Ultrasonic vibration has been used 
uccessfully in the atomization of various liquid fue l s, and there is 
trong evidence to indicate that its use may be extended to inhomo-
geneous fuels such as coal water mixtures. If sufficiently small, 
uniformly sized droplets can be produced, high carbon burnout rates 
nd improved combustion efficiency should result. Because flyash size 
nd consequently erosion will be reduced, the ability to minimize 
lurry droplet size will also help to make CWM a viable fuel for gas 
Ultrasonic atomization involves the production of small droplets 
JY high frequency vibration of the liquid. Past research has revealed 
~wo basic classes of ultrasonic droplet formation: (1) formation of 
I 
mists or fogs by focusing ultrasonic vibration at or near the surface 
of a liquid film and (2) formation of droplets by controlling the 
breakup of jets (See Figure 1). Both of these atomization mechanisms 
involves a different axis of applied vibration. In the first class, 
aerosols are formed from a liquid surface when capillary waves 
(surface waves) produced by vibration break off and are ejected into 
the combustion zone. In the second class, liquid jets are broken up 
into droplets in a controlled fashion by vibrating the injection 
nozzle. A comprehensive research program will need to examine both 
methods to determine the optimum technique for CWM atomization. 
Both methods of ultrasonic atomization offer inherent benefits 
over existing techniques for the atomization of CWM. The advantages 
of capillary atomization include the elimination of the need for a 
high pressure fuel pump and reduction in fuel plugging problems 
because the feed passages are relatively large compared to pressure 
atomizing nozzles. Effective atomization is maintained at any feed 
rate up to the maximum. 
most important advantage 
the droplet size of the 
However, for this particular application, the 
will be the capability to accurately control 
mixture. A secondary advantage of larger fuel 
feed passages will be a significant reduction in injector erosion 
~ro~lems due to the abrasive nature of coal water mixtures. 
Droplet formation through jet breakup induced by vibration is 
attractive because the equipment used for this purpose is relatively 
?imple, and the method is applicable to liquids with widely varied 
~roperties. The primary advantage of this atomization method may be 
t Jhe production of droplets of uniform diameter. Initial examination 
df past experience has indicated that the mean diameter of droplets 
lormed in this manner is determined primarily by the size of the 
orifice employed. 
Most recent research, which has utilized oils, water, and similar 
liquids, has demonstrated excellent results for ultrasonic atomization. 
The smallest droplet sizes have been achieved using capillary waves, 
where water droplets as small as one micron have been reached. Jet 
vibration has not been shown to yield such small droplet sizes because 
droplet diameters smaller than the jet orifice are difficult to 
achieve. However, high flowrates may be easier to maintain with jet 
vibration. Common to all previous research is the use of liquids with 
relatively low viscosity, low surface tension, and fairly homogeneous 
composition. 
The goal of the proposed research is to extend the method of 
ultrasonic atomization used for liquids to slurries such as coal-water 
or coal-oil mixtures. One major difference in such an extension is 
that these slurries are highly viscous, which may make capillary wave 
formation difficult. Furthermore, suspended particles in the mixture 
will tend to clog very small transport tubes. This will not be a 
problem with capillary wave atomization, but will limit the minimum 
droplet size which can be achieved in vibrating jet atomization. 
In particular, two areas must be addressed to evaluate the 
effectiveness of ultrasonic atomization in improving coal liquid 
mixture combustion efficiency. The first issue, which is addressed by 
the questions below, concerns the goal of improving atomizer 
performance over conventional methods. The second issue concerns the 
effectiveness of improved atomization combustion efficiency. Phase I 
of the proposed research will be directed only toward the first issue. 
I These are the questions wh i ch are of pr i mary i mport ance in 
~valuating ultrasonic atomization: 
(1) What drop sizes can be ac h ieve d? I t is 
anticipated that drops in the size range of 100 to 
500 microns can be achieved. This would be a 
considerable improvement over the current 
atomization techniques. 
(2) What power input is needed to produce suitably 
small drops? Preli minary estimates ind i cate that 
power inputs for ul traso nic atomizat i on wil l be 
comparable to those used for conventional 
atomizers. 
(3) How are the variables of flowrate, atomizer 
configuration, vibration f r eque ncy and amp lit ude 
related to droplet size? Past research, which 
developed expressions for droplet size as a 
function of liquid properties and vibra t ion 
characteristics, would serve as a starting point 
for this work. 
In order to investigate the viabil i ty of ultrasonic atomizat ion 
of coal-water mixtures, and to answer the above questions, the 
following program of research i s proposed. A bench sca l e atomizat ion 
system will be constructed capable of producing vibrations in the 
transverse and longitudinal direc t ions. Drop l et fo rmation will be 
recorded using high speed photographic techniques, as these have been 
shown to be the most reliable, accura t e record of drop l et size 
distribution in past research. To complete the construct i on of the 
test system, a flow loop with recirculating pumps and flow meters wi l l 
be installed. Once these three major systems c om pone nts ar e 
integrated, work can commence on actual atomization characterization. 
Tests at conditions of varying vibration ampli tude, fr eque ncy, and 
fuel flow rate will be conducted to establish the operating condit ions 
which yield the smallest droplet diameter with the minima l power 
inputs. 
Following the successf ul completion of the atomization studies, 
Phas e II of the proposed program will focus on the combustion of 
ultrasonically atomized slurry droplets. The atom i zer de s igned i n 
Phase I will be integrated with primary air flow into a slurry 
combustion chamber. Carbon burnout rates, combustion efficiency and 
ash particular size distribution will be primary measures of the 
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Coal water mixtures (CWM) show great promise as a low cost 
substitute for No. 6 fuel oil. The major problem limiting widespread 
application of this ·fuel is development of an atomization method 
capable of producing micron size dropJets. The high viscosity and 
presence of relatively large solid particles in the slurry coupled 
with its extremely abrasive nature make conventional atomization 
techniques ineffective. Ultrasonic atomization by capillary wave 
action appears to offer a means to overcome the limitations faced by 
other methods. Capillary wave atomization has been successfully 
applied with liquid fuels, but this research would be the initial 
extension to slurries. A test program to examine ultrasonic 
transducer configurations, develop relations between droplet diameter, 
slurry properties and ultrasonic variables, and study the effect of 
Ultrasonic atomization on solid-liquid separation is proposed. 
~ompletion of the outlined research will determine if ultrasonic 
~ echniques can be successfully applied to CWM. 
1 
CAPILLARY-WAVE ATOMIZATION 
OF COAL WATER MIXTURES 
INTRODUCTION 
Coal water mixtures (CWM) show great promise as a low-cost 
substitute for No. 6 fuel oil. Significant improvements have been 
made in the preparation, handling, and combustion characteristics of 
CWM in the past several years. However~ laboratory-scale combustion 
tests conducted under several independent research programs have 
exposed a critical limitation in the combustion of atomized CWM 
droplets.4,7,11 During the evaporation/devolatilization stage that 
precedes combustion, individual coal particles within the atomized CWM 
droplet fuse to form a single aggregate particle that is approximately 
the same size as the initial atomized droplet. For coals with a high 
swelling index, these aggregate particles may become even larger than 
the parent droplet. Addition of surfactants, widely used in the 
formulation of CWM to increase the wettability of coal particles, 
appears to exacerbate particle fusion.3 
I 
The resulting large coal particle size decreases combustion 
~fficiency by limiting carbon burnout. Although carbon on the surface 
~ f the aggregate particle is easily combusted, oxygen cannot diffuse 
hrough the surface at an adequate rate to burn all interior carbon. 
~ arge particle size also produces large flyash particles which cause 
erosion and slagging of boiler tubes and other surfaces and may 
prohibit the use of CWM as a gas turbine fuel. 
2 
These findings indicate that CWM combustion efficiency and 
resulting ash particle size are most closely related not to individual 
c1oal particle size, but to the size of the atomized CWM droplet. A 
reduction in droplet diameter will, therefore, lead to an expected 
increase in combustion efficiency and a decrease in flyash particle 
size. 
Preliminary research has identified a target maximum droplet 
diameter of 200 to 300 microns. Droplet diameter is dependent on the 
method of atomization as well as physical properties such as viscosity 
and surface tension. Conventional high-pressure atomizers have not 
been effective with CWM. Air- and steam-blast atomizers designed 
specifically for CWM produce significantly smaller average CWM droplet 
sizes that high-pressure atomizers but are not yet able to reliably 
meet this target diameter.2,3 
An alternative technique is use of ultrasonic vibration as the 
primary means of atomization for CWM and other slurries. Ultrasonic 
vibration has been used successfully in the atomization of various 
liquid fuels and molten metals to produce very small, uniformly sized 
droplets.5,8,10,12,13 There is strong evidence to indicate that its 
use may be extended to heterogeneous fuels such as CWM to produce 
droplets that fall within the prescribed maximum diameter. 
3 
SCIENTIFIC DISCUSSION 
The purpose of any fuel atomization process is to produce a large 
number of small droplets, thereby increasing the surface area of the 
liquid to promote combustion of the fuel. Traditional methods of 
atomization rely on a high relative velocity between the liquid and 
the surrounding air to achieve droplet formation. In a high pressure 
atomizer, high relative velocity is attained by using pressure to 
accelerate the fue} into a slow moving surrounding gas. These 
atomizers have not been effective.with CWM. The narrow feed 
passageways become plugged with coal particles, which have a maximum 
size of 300 microns in most current CWM formulations.l In addition, 
high pressure atomizers are incapable of handling highly viscous fuels. 
Attempts to modify these atomizers to handle CWM have resulted in 
slurry droplets of 1,000 to 2,000 microns.3 
An alternate approacn, referred to as air- or steam-blast 
atomization, utilizes a high velocity stream of air or steam to shear 
the slow-moving liquid. High gas velocity has been shown to 
effectively break up high viscosity liquids.l4 Although these 
! 
twM atomizers do not operate reliably within the 200 micron to 300 
ricron maximum, work is continuing to improve performance and decrease 
~ear. Several researchers are currently undertaking work on secondary 
l tomization techniques to augment the output of air-blast CWM 
~tomizers.2 
Ultrasonic vibration is proposed as a promising alternative 
echnique for CWM atomization. Ultrasonic atomization produces small, 
4 
rrlatively uniform size droplets by applying high frequency vi br ation 
to the liquid. Past research has revealed two basic classes of 
ultrasonic droplet formation: (1) formation of mists or fogs by 
fbcusing ultrasonic vibration at or near the surface of a liquid fil m 
I 
aind (2) formation of droplets by controlling the breakup of jets (see 
F:igure 1). Each of these atomization mechanisms involves a different 
axis of applied vibration. In the first class, aerosols are formed 
from a liquid surface when capillary waves (surface waves) produced by 
vibration parallel to the axis of dr_oplet propagation break off and 
are ejected. In the second class, liquid jets are broken up into 
droplets in a controlled fashion by vibrating the injection nozzle 
perpendicular to the axis of droplet formation. 
Controlled ultrasonic vibration has been successfully used in the 
1tomization of various liquids and slurries. Ultrasonic vibration of 
~ liquid film to produce droplets by capillary wave action has been 
I 
used to atomize fuel for combustion in a small, se l f-contained 
thermoelectric generator. The generator, developed for the U.S. Army, 
was successfully operated with gasoline, kerosene and No. 2 fuel oil, 
but no highly viscous fuels and slurries have been t ested.8 The 
second form of ultrasonic atomization, liquid jet breakup, has seen 
widest application in ink jet printers or si milar devices where 
uniformity of droplets is a primary design criterion.5 
Although droplet formation through vibration-induced jet break up 


























Classes of Droplet Formation by Applied Ex t ernal Vibration 
6 
Sl urries such as ink, it does not appear to be an appropriate method 
for atomization of commercially-produced CWM . Mean diameter of 
d oplets formed through jet breakup is determined by the size of the 
O~ ifice employed.l3 In order to avoid plugging, an orifice diameter 
~pproximately two times the diameter of the largest solid particle in 
I 
~he slurry is required. To accommodate current CWM, an orifice 
I 
diameter of 600 microns is required, resulting in droplets of the same 
I 
~verage diameter. If new formulations of CWM, based on smaller 
! 
~aximum particle size, are develope~, vibration-induced jet breakup 
~ay become a viable atomization method. 
The proposed research will focus on capillary-wave atomization. 
lhis method offers several advantages over other atomization 
~echniques. For CWM atomization, the primary advantage will be the 
~apability to accurately control droplet size. A controlled spray of 
~ater droplets as small as i micron has been achieved with capillary 
qtomization.9 In addition, droplet size is not directly related to 
1he diameter of feed orifices, so relatively large passages can be 
~sed. This will eliminate fuel plugging problems, lower the power 
input required to pump the slurry, and minimize injector erosion 
broblems that arise due to the abrasive nature of CWM. 
In a capillary atomizer, one central nozzle or multiple radial 
hozzles feed fluid onto a vibrating metal plate. The impressed 
~ibration causes a standing wave to be set up in the film of fluid 
that forms on the plate. With vibration of sufficient amplitude and 
frequency, droplets of liquid will be ejected from the crests of the 
7 
w~ves. The frequency and amplitude of the ultrasonic vibration are 
I 
a~ong the primary factors that determine the diameter of the ejected 
droplets. 
Capillary-wave atomization has been successfully applied to 
water, water-methanol and water-glycerin solutions, and light 
hydrocarbon fuels, but no work has been done with highly viscous 
slurries such as CWM.5,8,12 Droplet diameter achieved by 
capillary-wave atomization is dependent on many factors: frequency 
and amplitude of the ultrasonic vibration, liquid flowrate, atomizer 
geometry, and liquid properties such as surface tension, viscosity and 
density. Only limited correlations have been made between droplet 
size and 1 iquid properties, and insufficient data exist to extrapolate 
the results to CWM atomization. 
Several equations have been proposed to predict droplet diameter. 
For sonically-generated wavelengths, the capillary wavelength is 
related to the excitation frequency by the equation below.5,9,12 
(1) 
I 
\ here \=wavelength; a = liquid surface tension; p =liquid density 
nd f =excitation frequency. A portion of the wave peak will break 
ff to form droplets. Therefore, the mean droplet diameter(D) will be 
roportional to the capillary wavelength, or 
8 
( 2) 
where N is an empirical function of vicosity, flowrate, amplitude, 
geometry, and other parameters.ll The relationship between droplet 
I 
diameter and surface tension, density and frequency has been verified 
for ultrasonic atomization of liquids, but no research has been done 
to determine if the relationship is affected by the presence of solid 
particles in 3lurries. In addition, little work has been done to 
develop an empirical expression for N for either liquids or slurries. 
The proposed research will focus on verifying the applicability of 
Equation 1 to CWM atomization, and establishing an empirical 
relationship between droplet diameter and CWM viscosity, flowrate and 
amp 1 itude. 
9 
Sl:ATEMENT OF WORK 
A two year research program is proposed to investigate the 
feasibility of capillary-wave atomization of CWM and to determine the 
relationship between atomized droplet diameter arid both ultrasonic 
vibration charactertistics and CWM physical properties. A bench-scale 
atomization system designed with operating characteristics suitable to 
produce CWM droplets on the order of 100 to 300 microns will be 
developed. The proposed research program will consist of four related 
tasks: 1) Literature Search and ModeliDg; 2) Experimental Design and 
Construction; 3) Atomization Experiments; and 4) Data Analysis. 
Task 1: Literature Search and Modeling 
The initial task will consist of an extensive literature search. 
It will be performed to expand the existing data base and assure that 
state-of-the-art application techniques are utilized. Theoretical 
equations, as well as any applicable empirical relationships, will be 
used to model atomization by capillary wave action. Preliminary 
modeling will serve to predict the performance characteristics needed 
from the ultrasonic transducer. By defining an estimated range of 
required operating parameters, the test apparatus can be designed and 
transducers built. 
10 
ask 2: Experimental Oesi n and Construction 
Design and construction of the experimental apparatus is the 
~econd task of the research program. As shown in Figure 2, the 
4tomization test rig will consist of three major components: 1) 
~ltrasonic oscillator/atomizer, 2) CWM handling and delivery system, 
i 
dnd 3) photographic recording system. Once modeling is complete, the 
I 
I 
1equired operating characteristics of the ultrasonic transducer, such 
~s frequency, amplitude and power input will be estimated, allowing 
~he complete atomizer to be designed and built. The Georgia Tech 
taculty has significant transducer design experience in the range from 
~0 kilohertz to 10 megahertz. This frequency range encompasses the 
~xpected operating region for capillary-wave atomization. 
The equipment necessary to drive an ultrasonic capillary wave 
tomizer is shown in Figure 2. Input AC power drives an oscillator, 
~lso referred to as a wave form generator, whose purpose is to produce 
e high frequency AC signal. The high frequency signal from the 
oscillator must be fed into an amplifier since the oscillator output 
is at a low power level. The ultrasonic amplifier increases the 
signal power while maintaining constant frequency. In most cases, a 
matching transformer is necessary to step-up the amplifier voltage to 
a level compatible with the transducer. For most transducers, the 
voltage must be increased to approximately 500 V. The conditioned 
ultrasonic AC signal can then be fed into a transducer, probably of 
piezoelectric design, which converts it to a high frequency 
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f lrequency counter and a watt meter are provided to monitor the 
' operating conditions. 
With the exception of the transducer, all of the acoustic 
equipment shown in Figure 2 is available in the acoustics laboratory 
at Georgia Tech. Transducers with operating characteristics suitable 
for this specific application will have to be obtained once the 
project begins. 
The other major component of the atomizer is a metallic horn. 
The acoustic horn is a necked-down cylinder 3/4 wavelength long. This 
length is selected because maximum velocity occurs at 1/2 wavelength 
intervals beginning at 1/4 wavelength. The necked-down geometry of 
the horn makes it an effective mechanical transformer, and, for a 
given power input, the displacement of a stepped cylinder is greater 
than an unstepped one. The horns will have to be machined 
specifically for the design operating characteristics. Since a range 
of frequencies will be tested, several atomizer horns of different 
)engths corresponding to the desired wavelengths will be required. 
I 
Jask 3: Atomization Experiments 
l The third task of the program will be atomization experiments 
ith commercial CWM. Initial tests will be run with special 
ormulations of relatively low-viscosity CWM; subsequent tests will 
use CWM procured from several commercial suppliers. The experimental 
program will consist of a set of tests varying the following 
13 
parameters within a specified range: excitation frequency, amplitude, 
I 
CWM viscosity, surface tension and flowrate. 
The effects of viscosity on atomized droplets will be of 
particular importance because CWM viscosity is highly variable. At 
ambient temperatures, viscosities between 500 and 2,000 centipoise 
have been measured. Depending on the CWM formulation, an increase in 
temperature can cause either significant increases or decreases in 
viscosity.6 Therefore, CWM viscosities.must be carefully measured at 
atomization conditions. 
In addition to viscosity, measurements of CWM surface tension, 
density and particle size distribution will be made with equipment 
that is available in the Georgia Tech laboratories. Ultrasonic 
vibration frequency, amplitude and required power imput for 
atomization will be monitored by the frequency counter, accelerometer, 
and watt meter, respectively. 
A photographic system capable of resolution below 100 microns 
will be used to observe both the atomized droplets and the capillary 
wave action at the vibrating plate. Photographic equipment capable of 
~chieving this reduction is available at Georgia Tech. Photographic 
recording of the events will also allow inspection of the effects 
caused by the presence of solid particles. The results will be 
~xamined to determine if significant separation of solid and liquid 
I 
pccurs when CWM droplets are ejected from the atomizer film surface. 
14 
Iksk 4: Data Analysis 
I 
The final task will be data analysis and reduction. Much of this 
t~sk will occur concurrently with Task 3. Results of ongoing data 
analysis will be used to plan subsequent test runs and to design 
additional acoustic horns. Statistical techniques will be used to 
develop a relationship between mean droplet diameter and both CWM 
Physical properties and ultrasonic frequency and amplitude, as 
discussed in the preceding section. The data will be used to verify 
the theoretical relationship between capillary wavelength and 
frequency, surface tension and density and to derive an empirical 
relationship between CWM viscosity, flowrate and amplitude. 
froject Reporting 
Quarterly technical progress and financial reports will be issued 
detailing work activities and project expenditures. A final report 
~ummarizing the technical and scientific achievements of the project 
will be completed. The final report will also outline the potential 
for subsequent work in this area. 
PROJECT BUDGET 
A detailed budget for each year of the proposed two year research 
program is shown on the following pages. High-resolution photographic 
equipment and the acoustic instrumentation described under Task 2 will 
be provided by Georgia Tech. 
15 
BUDGET 
FIRST YEAR COST ESTIMATE 
ll . Sa an es 
I 
Principal Research Engineer/Scientist 
0.75 Person Months FY85@ $5,741/mo. 
Senior Research Engineer/Scientist 
1.00 Person Months FY85 @ $4,704/mo. 
Research Engineer/Scientist II 
2.00 Person Months FY85 @ $3,645/mo. 
Research Engineer/Scientist I 
2.00 Person Months FY85 @ $2,?44/mo. 
Secretary 
0.50 Person Months FY85 @ $1,618/mo. 
Graduate Research Assistant 
200 Person Hours FY85 @ $12.20/hr 
Student Assistant 
200 Person Hours FY85 @ $7.24/yr 
Addition for 8% FY86 Salary Increase 
e Benefits 
24.3% (Excluding Student Assistants 
Travel 
Materials and Supplies 





























SECOND YEAR COST ESTIMATE 
Salaries 
Principal Research Engineer/Scientist 
0.75 Person Months FY85@ $5,741/mo. 
Senior Research Engineer/Scientist 
1.00 Person Month FY85 @ $4,704/mo. 
Research Engineer/Scientist II 
2.00 Person Months FY85 @ $3,645/mo. 
Research Engineer/Scientist I 
2.00 Person Month FY85 @ $2,9~4/mo 
Secretary 
0.50 Person Months FY85 @ $1,613/mo 
Graduate Research Assistant 
200 Person Hours FY85 @ $12.20/hr. 
Student Assistant 
150 Person Hours FY85 @ $7.24/hr 
Addition for 8% FY87 Salary Increase 
ff ri nge Benefits 
24.3% ( Excluding Student Assi s tant s ) 
Jrave 1 
t aterials and Supplies 
Copying, printing and other supplies 
· otal Direct 
verhead 
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g~orgia.Tech Research Corporation 
~ntenn1.al Research Buildi~f 
~OrQi::J. Institnt-P of Tf'rhnn OQV 
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- en...~-- ~"'""""""' 
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5. Ot.;oc, 0.. c-gon. 151 
Ill 12'! 131 ,., 
a. F.,_,... s29,036 • 28,815 • • • 51,~ 
~- Frinve- 5,588 5,588 11,176 
ct Tr.._,.. 500 500 1 , 000 
<t. e.,._.,. 15,000 - 0 - 15,000 
... Suool;w 5,250 500 5,750 
I. Con!ractual - 0 - - 0 - - 0 -
1). c:-.n.c.- - 0 - - 0 - - 0 -
~- o.t... - 0 - - 0 - - 0 -
l T- a..ct 0..V. 55,374 35,403 90,777 
I 
j· --a..v- 22,327 19,578 41,905 
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Tt· e fringe benefit and overhead rates used above were approved 
b the Office of Naval Research for the period 1 July 1984 -
3 June 1985 and are subject to change thereafter. 
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·ience Summary: Currently performing energy conservation work in the 
·al industry area which includes food processing, apparel, printing, chemi-
md primary fabricated metal. Also involved with industrial workshop acti-
~s in the conservation area on subjects such as boiler efficiency 
vement and waste heat recovery. Worked in the Wood Energy Systems Branch 
tood fuel demonstration projects and feasibility studies. At General 
:ric, worked in Installation and Service Engineering Division as borescope 
1eer. Duties involved borescope inspections of steam and gas turbines, com-
1g reports on each inspection, and some development work on new inspection 
oment and procedures. As a graduate research assistant at the Gas Turbine 
of Texas A&M University, was involved in gas turbine fuel and combustion 
arch. Built two combustion test rigs at the Gas Turbine Lab for combustion 
fuel studies. At Caterpillar Tractor, entered training program which led to 
tssignment in the Gas Turbine Division as a research engineer. Projects 
uded thermal analysis of gas turbine blades and testing of ceramic turbine 
onents. 
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THE INDUSTRIAL WOOD ENERGY HANDBOOK, Van Nostrand Reinhold Company Inc., 
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E-AS09-81, February 1983, with B. William Riall and others 
Alternate Fuel Gas Turbine Cycles, .. 17th Intersociety Energy Conversion 
ngineering Conference, 12 August 1982, Los Angeles, California, with T. F. 
lcGowan 
'Energy Usage and Requirements in Mineral Processing," Energy Strategies for 
:he 80's Workshop, Georgia Mining Association, 11 February 1982, Macon, 
ieorgia 
'Case Study of a Commercial Small-Scale Wood-Fueled Steam Boiler for Textile 
1ill Operations, .. Energy for Biomass and Wastes Symposium, January 1982, 
~ith B. S. Dixit 
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December 1976 
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April 1976, coauthor 
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BIOGRAPHICAL SKETCH 
~N, THOMAS F.--Senior Research Engineer 
Technology Applications Laboratory 
tion 
I.Ch.E., Manhattan College, Bronx, New York 
~.Ch.E., Manhattan College, Bronx, New York 
lyment Hi story 
ieorgia Institute of Technolgy, Senior Research Engineer, 
Assistant Division Chief, Wood Energy Systems Division 
iunbelt Technology, Co-owner 






·ience Summary: Conducted numerous analyses of residential, industrial and 
1ced solar energy systems for heating, process energy, and synthetic fuel 
Jction. Also involved in numerous commercial and industrial wood combustion 
~ms including the design and start-up of a one million BTU/hour wood 
0 ier. Other projects at Tech concern production of a manual and lecture 
~s on building and marketing energy-efficient homes for builders and 
~actors, and a study on reducing energy consumption and noise pollution in 
i te quarrying. Formed Sunbelt Technology, a consulting firm which spe-
ized in energy and solar energy projects. Produced feasibility and design 
ies, and economic analysis, computer simulation heat transfer modeling on 
ve and passive solar designs. Worked in research and development of fluid-
icle systems. Directed PSRI's pneumatic conveying program from its incep-
, including design of test programs, data correlation, and research reports. 
in charge of design and installation of instrumentation and control systems 
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No. 408,199, filed 16 August 1982 
"Method of Disposal of Tar Effluent While Controlling the Operation of a 
Gasifier," Patent Pending No. 400658, Filed 22 July 1982 
"Safety Alarm for Woodstove," Patent Pending No. 122474, Filed February 19, 
1980 
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ouston, Texas, coauthor 
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hermo-Chemical Contractors Review, Atlanta, Georgia 16-17 March 1983, 
:oauthor 
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lroducts Journal 32, No. 7, (July 1982) with A. D. Jape 
'Alternate Fuel Gas Turbine Cycles," 17th Intersociety Energy Conversion 
:ngineering Conference, Los Angeles, California, 8-12 August 1982, with 
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=arum, FPRS, Washington, D. C., 8-10 March 1982 
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the 80's Workshop, Georgia Mining Association, Macon, Georgia, 11 February 
1982 
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of Energy, Contract No. DE-FG05-79ET23076, December 1981, coauthor 
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Winston-Salem, N.C., 7.-8 April 1981 
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Foundation under Grant No. APR77-03288, September 1978, coauthor 
"Pressure Drop in Cyclone Separators," Research Report 16, Particulate Solid 
Research, Inc., Bronx, New York, March 1976 
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January 1975 
ACIL ITIES 
The project will be conducted jointly by the School of Mechanical 
ngineering at Georgia Tech and the Georgia Tech Research Institute. 
aculty members of the School of Mechanical Engineering have been 
.ctive in transducer development in the 10 kilohertz - 10 megahertz 
ange. The acoustics lab has a wide variety of oscillators, 
tmplifiers and signal generators that can be applied to this research. 
;pecialty transducers used in the project will be procured as 
·equi red. 
The Georgia Tech Research Institute has been active in solid 
=uels applications and testing. The laboratory maintains a solid 
=uels testing lab used to categorize fuels. Equipment to measure 
noisture content, proximate and ultimate analysis and heating value is 
:~vailable. GTRI has additional equipment that can be used to measure 
atomizer operating conditions. This includes two watt meters that 
fli 11 be used to measure atomizer power input, and acce 1 erometers and a 
fast fourier transform (FFT) signal analyzer to measure nozzle 
~isplacement and frequency. 
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tELEVANT EXPERIENCE 
Both the School of Mechanical Engineering and GTRI bring 
~xpertise important to the completion of this research. Faculty 
nembers of the School of Mechanical Engineering have wide experience 
in acoustics research and transducer development. Recent activities 
~ave included developing transducers for use in oil well logging and 
;onar applications. A 30,000 gallon acoustical tank for use in sound 
transmission studies· is currently under construction. The tank will 
Je equipped with dual computer controlled carriages for accurate X-Y-Z 
Jositioning and a 10 bit data acquisition system to digitize receiver 
signals. The Mechanical Engineering department is also currently 
:onducting research in coal particle ignition, combustion and 
=xtinction phenomena. 
The Georgia Tech Research Institute has been involved in research 
related to coal, biomass and solid waste fuels for many years. Recent 
activities include testing of process development units for both 
gasification and pyrolysis processes. A research-scale fuel 
gasification unit has been designed and operated at GTRI, and is 
currently being used in a research program to develop a process to 
destroy toxic gasifier effluents in a low cost, efficient manner. 
Other ongoing programs include an analysis of the application of 
state-of-the-art coal conversion/combustion technology and related 
environmental control systems to industrial-scale use. A solid fuels 
testing laboratory established within GTRI has supported the 
development of numerous ASTM test standards and provided fuel analyses 
for industrial sponsors. 
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ASSURANCE AND COMPLIANCE FORMS 
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• 
U.S. Department of Er.er~y 
Assurance of Complia~ 
Nondiscrimination in Federally Ass1sted Programs 
Attachment 4 
it" g 1 a-: T e c h Rea it" c h Co it" p o it" a t i o n (Hereinafter called the •Applicant") 
fEREBY AGREES to comply with Title VI of the Civil Rights Act of 1964 
(Pub. l. 88-352), Section 16 of the Federal Energy Administration Act of 
1974 (Pub. l. 93-275), Section 401 of the Enerny Reorganization Act of 1974 
(Pub. l. 93-438), Title IX of the Education Amendments of 1972, as amended, 
(Pub. l. 92-318, Pub. L. 93-568, and Pub. L. 94-4R2), Section 504 of the 
~ehabilitation Act of 1973 (Pub. L. 93-112), the Age Discrimination Act of 
1975 (Pub. L. 94~135), Title VIII of the Civil Rights Act of 1968 (Pub. L. 
90-284), the Department of Energy Organization Act of 1977 (Pub. L. 95-91), 
and the Energy Conservation and Production Act of 1976, as amended, (Pub. 
l. 94-385). In accordance with the above laws and regulations issued pur-
suant thereto, the Applicant agrees to assure that no person in the United 
States shall, on the ground of race, color, national origin, sex, age, or 
handicap, be excluded from participation in, be denied the benefits of, or 
be otherwise subjected to discrimination under any program or activity in 
which the Applicant receives Federal assistance from the Department of Energy. 
Applicability and 
Period of Obligation 
In the case of any service, financial aid, covered employment, equipment, 
property, or structure provided, leased, or improved with Federal assistance 
extended to the Applicant by the Department of Energy, this assurance obli-
gates the Applicant for the period during which Federal assistance is 
extended. In the case o.f any transfer of such service, financial aid, equip-
ment, property, or structure, this assurance obligates the transferee for 
the period during which Federal assistance is extended. If any personal 
property is so provided, this assurance obliqates the Applicant for the 
period during which it retains ownership or possession of the property. In 
all other cases, this assurance obligates the Applicant for the period 
during which the Federal assistance is extended to the Applicant by the 
Department of Energy~ 
Employment Practices 
Where a prima~ objective of the Federal assistance is to provide employment 
or where the Applicant's employment practices affect the delivery of ser-
vices in programs or activities resulting from Federal assistance extended 
by the Department, the Applicant agrees not to discriminate on the ground 
·o~ race. color, national origin, sex. age. or handicap. in its employment 
practices. Such employment practices may include, but are not limited to, 
recruitment. recruitment advertising, hiring, layoff or termination, pro-
~tion. demotion. transfer, rates of pay. training and participation in 
upward mobility programs, or other forms of compensation and use of facili-
ties. 
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1is assurance is given in consideration of and for the purpose of 
>taining any and all Federal grants, loans, contracts (excluding Pro-
'rement contracts}, property, discounts or other~Federal assistance 
ttended after the date hereto, to the Applicant by the Department of 
1ergy, tncluding installment p~yments on account after such date of 
'Plication for Federal assistance which are aoproved before such date. 
le Applicant recognizes and agrees that such Federal assistance will be 
Ktended in reliance upon the representations and agreements made in 
~is assurance and that the United States shall have the right to seek 
udicial enforcement of this assurance. This assurance is binding on 
he Applicant, its successors, transferees, and assignees, as well as 
he person whose signature appears below.and who is authorized to sign 
his assurance on behalf of the Applicant. 
February 27, 1985 
(Date) 
Georgia Tech Research Corporation 
(Name of Applicant) 
Centenn1al Building 
Georgia Institute of Technology 
Atlanta, GA 30332 
(Address) 
(A~thorized -Offfci;l)E;;~·~;~i~e P. Smith 
f40~ 894-4817 
App icant's Telephone Number) 
58-0603146 
Employer I.D. Number 
OEO (FAPD) - NOVEMBER 1979 
